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PREFACE

The Ninth Symposium on Naval Hydrodynamics continues in all aspects the
precedent, established by previous symposia in this series, of providing an inter-
national forum for the presentation and exchange of the most recent research re-
sults in selected fieids of naval hydrodynamics. The Symposium was held in Paris,
France on 20-25 August 1972 under the joint sponsorship of the Office of Naval
Research, the Ministére d'Etat chargeé de la Défense Nationale and the Association
Technique Maritime et Aeroanutique.

The technical program of the Symposium was devoted to three subject areas
of current naval and maritime interest. These subject areas are covered in the
Proceedings in two volumes:

Volume 1 — The Hydrodynamics of Unconventional Ships
— Hydrodynamic Aspects of Ocean Engineering
Volume 2 — Frontier Problems in Hydrodynamics.

The planning, organization and management of a Symposium such as this is
an undertaking of considerable magnitude, and many people have made invaluable
contributions to the resolution of the myriad of large and small problems which
invariably arise. The Office of Navai Research is acutely aware of the fact that the
success of the Ninth Symposium is directly attributable to these people and wishes
to take this opportunity to express its heartfelt gratitude to them. We are particu-
larly indebted to Vice Admiral Raymond THIENNOT, Directeur Technique des
Constructions Navales, Ministére d’ Etat chargé de la Défense Nationale, to Professor
Jean DUBOIS, Directeur des Recherches et Moyens d’ Essais, Ministere d’ Etat charge
de la Défense Nationale, and to Monsieur Jean MARIE, Président de |’ Association
Technique Maritime et Aeronautique, who provided the formal structure which
made this joint undertaking possible. The detailed organization and management
of the Ninth Symposium lay in the capable and competent hands of Vice Admiral
Roger BRARD, President de la Academie des Sciences, and Rear Admiral André
CASTERA, Directeur du Bassin d’'Essais des Carénes, who were most ably assisted
in this endeavor by the charming Madame Jean TATON. Throughout the long days
of planning and preparation the experienced and practical counsel of Mr. Stanley
DOROFF of the Office of Naval Research provided continuous guidance which
contributed 1n an immeasurable way to the success of the Ninth Symposium o

Hydrodynamics.

RALPH D. COOPER
Fluid Dynamics Program
Office of Naval Kesearch
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OPENING CEREMONY

INTRODUCTORY ADDRESS

Roger BRARD

Chatrman, French Organizing Committee

Ladies and Gentlemen,

As an introduction to the Opening Ceremony of the Ninih
ONR -Symposium on Naval Hydrodynamics I would first like to say
how pleased and honored we felt when Dr, Frosch accepted the invi-
tation to attend the said ceremony and to speak on behalf of the United
States Navy, The presence of such a high ranking official of the
United States Department of Defence is a very unusual privilege,

To welcome the Assistant Secretary of the Navy for
Research and Development it was only befitting that the French
Government representative be Mr, Jean Blancard, Délégué Minis-
tériel pour 1'Armement, who ranks immediately after the Ministre
d'Etat chargé de la Défense Nationale,

As Délégué Ministériel pour 1'Armement, Mr, Jean
Blancard is responsible for all the armament programs of the French
Armed Forces, Army, Navy and Air Force., This includes the pro-
curement of all the materials, either from the military establish-
ments or from the industry, and also all the activitieas in Research
and Development,

In particular, the Direction Technique des Constructions
Navales, which is in charge of designing and building the naval ships,
comes under his supervision, So does the Direction des Recherches
et Moyens d'Essais which deals with fundamental research and eva-
luation of new scientific concepts.

Mr, Jean Blancard's academic achievements comprise
ranking first at both Ecole Polytechnique and Ecole Nationale Supé-
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rieure des Mines, Before being appointed as Délégué Ministériel
pour I'Armement, Mr, Jean Blancard has held very important posi-
tions either in Government agencies or Government controlled indus -
tries, He has for instance been Directeur des Carburants and, as
such,has for several years supervised the French Government con-
trolled oil companies, He has also heen deputy of the Minister of
Defence for the Air Force, Recently he was president of the SNECMA,
the major French jet engines manufacturer,

The great interest taken by Mr. Jean Blancard in the three
themes of our Symposium accounts for his accepting readily to

preside over the Opening Ceremony,

Thank you for your attention,
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Ladies and Gentlemen,

I thank Ingénieur Général Prard for having successfully
explained in a few words what the '""Délégation Ministérielle pour
I'Armement' is,

I am very happy to open the Ninth Symposium on Naval Hy-
drodynamics. I would first like to emphasize two particular reasons
why it gives me great pleasure :

- the first one is that this Symposium be held in France, in
Paris, It is traditional that the Symposia take place alternately in the
United States and in a foreign country, This is the first time that the
Symposium on Naval Hydrodynamics takes place in Paris, and I feel
particularly glad for it,

-~ the second reason 1s the number and quality of the repre-
sentatives from the twenty two countries who favoured us with a posi-
tive answer to our invitation, This shows the utmost importance
attached to the problems of Naval Hydrodynamics,

Whatever the positions I have held and that Mr, Brard just
recalled, I am not at all a theoretician in Naval Hydrodynamics,
From my student time, somc forty years ago, I remember that the
intricate equations of hydrodynamics were stretching unendingly on
the blackboard, and when the professor had finished writing them ]
down, he would add : "The solutions are not known, so one has to ]
resort to experiment',

Looking at your technical program, I can see that a rather
important part of it is devoted to what you call frontier problems, a
somewhat strange term for the non specialist, This shows that there
still exist numerous unsolved problems in naval hydrodynamics, and

i

ot i A B A0 35t



that scientists still have a wide field of research ahead of them,
I would like to make two remarks :

- The first one concerns the importance that what you call
Ocean Engineering begins to take, For twenty five years I have been
an oil prospector, and therefore I have known the beginning of off-
shore prospection, The oil prospectors at first behaved like lands-
men, thatis tha‘ they cautiously began by erecting fixed drilling
platforms to keep their feet dry. Progressively, through advances
in Naval Hydrodynamics, their technique evolved, and did so with
a striking rapidity if one recalls that only ten years ago the North
Sea had never been crossed by a geophysical ship, In these ten years,
through survey of currents and winds and study of seakeeping quali-
‘ies of platforms, all the difficulties were overcome, and this inte-
rior european sea has became one of the main sources of oil for
Europe, so much so that the supply from the North Sea would com-
pensate possible difficulties in the Middle East, This could be
obtained thanks to Naval Hydrodynamics,

- The second remark I shall make concerns the importance
that you give to unconventional ships, It is a difficult problem for
the leaders of our Navies, to know at any time what are the tech-
nigues to be applied to have better naval ships when needed, New
techniques are never sufficiently called upon to adapt the existing
material to the wars of to-morrow,

Even if it is true - and I believe that this was said by an
American Admiral - that wars are won with outdated weaponry, a
certain balance has however to be kept. No doubt that the icaders of
our Navies have the final say in deciding what is needed for to-
morrow, but it is the aims of a Symposium such as this one, of
scientists such as you are, to give them the necessary elements to
define their policy,

I would not like to be too long and delay your work any
further, I only want to thank Dr, Frosch, Assistant Secretary of the
Navy for Research and Development, and Mr, Ralph D, Cooper from
Office of Naval Research, whose presence here proves the great
interest taken by the American Authorities in your studies,

In conclusion I wish you full success in your work as well
as a pleasant stay in Paris,

Thank you, Ladies and Gentlemen, for your attention,
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It is a great pleasure to be here, not only because of my
pleasure in assisting at this inaugural ceremony for the Ninth Sym-
posium on Naval Hydrodynamics but because it is a particular
pleasure for me to be able to share this platform with Mr, Blancard,
with whom I have had a number of pleasant and fruitful discussions
on various aspects of naval warfare and naval technology., We are
very happy to have this Symposium in France not only because oftra-
ditional friendships tut because of my view of the importance of
the French contributions to ocean engineering in general, the French
pioneering work with the bathyscaph, the advanced diving experi -
ments of the French Navy, of Comex, of the Cousteau group and some
of the unique Government and industry relationships, such as Cnexo,
for the exploitation and investigation of the oceans, All of these

pioneering works make it appropriate to have such a conference here
in France,

It is excellent to see 12 nations contributing to a programme
attended by 22, to exchange information on this particular branch of
ocean engineering, which I think is significant and important to ocean
engineering in general and to the basic purpose for which we all work

in ocean engineering - namely, the careful use and exploitation of the
oceans for the benefit of all of us,

I speak here as an outsider to naval hydrodynamics and ia
some sense as a consumer of naval hydrodynamics as a scientific
and engineering element in ocean engineering, of naval warfare
matters and of contributions to general oceanographic and oceanolo-
gical matters, Viewing it as an outsider une can frequently see things
that are not apparent to an insider or look different to an insider and
it seems to me that we have been going through a period of very im-
portant change in naval hydrodynamics, Perhaps it looks more
gradual to those who have been working on it, but to those of us who
have not been working in detail on the subject it appears as though




there is a renaissance or efflorescence of ideas, a great expansion
of new things in the subject,

I am thinking, for example, of what I might call the super
ship, changing very rapidly from ships whose tonnage was measured
in tens of thousands to ships whose tonnage is measured in hundreds
of thousands, ] am thinking also of the fact that the hydrofoil has
come from being a curiosity to being a useful vessel not only in a
naval warfare sense but, as importantly, in the sense of transpor-
tation, I have been in several European cities in which the hydrofoil
is beginning to be part of the bus transpo:tation of the city or the
region, and I think we shall see this more and more., As I look at
my own country and particularly my own locality of Washington DC
I know that we have available, already constructed by nature, a
number of highways that we do not use, You have begun to use them
in Europe with hydrofoils and I think this will spread all over the
world so that the waterways may become the autoroutes for many
places where it is possible to do this,

Along with the hydrofoils we have begun to exploit the sur-
face effects vehicles in the same way, first for transportation, but
several navies are looking at them as possible advanced warships,

As an entirely different trend of development, but also
important in the development of ships for the future and growing,
as far as I can tell, from the floating oil platform techniques which
Mr, Blancard has mentioned and separately coming together from a
very old technique, the catamaran, we have now the various versions
of what might be called low water plane catamaran or the semi-
submerged ship that are being looked at in several countries and
will probably have a place for ship transportation somewhere inter-
mediate between the monohull of the conventional type and the hydro-
foil or surface effect ship, But that, of course, remains for the
future and perhaps this is the first international symposium in which
that kind of ship will be discussed in some detail,

These transportation modes, as I might call them, are all
obvious contributions not only to naval matters in the specific sense
but to ccean matters in the general transportation sense, This is
extremely important becauce for all the improvements in air trans-
portation still most of the trade and tonnage of the world moves by
sea and it appears to me that the laws of nature are such that this
will go on perhaps indefinitely, at least so far as aerodynamics do
not permit us to produce an aircraft which can go a long distance
and carry enough fuel to get back as well as any cargo, so that all
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our heavy and bulky materials will certainly continue to move by
sea, So the work in naval hydrodynamics as a contribution to im-
proved sea transportation remains as important or more important
to trade and international relationships as it has ever been,

Beyond ships and ship transportation, however, we are
entering an era of the use and exploitation of the oceans in which
other contributions of hydrodynamic understanding will be impor-
tant, We are beginning the expansion of our examinations of the
oceans to a complete sensor and surveying system so that we may
know the properties of the oceans and of the weather over the oceans
all over the world, We have the beginnings of the means to do this
in various types of buoys and instruments but many of the hydrody-
namic problems associated with the long-term mooring and move-
ment of buoys in the oceans have only begun to be broached and
there will be a good deal of work ahead if we are able to make really
permanent stations at sea so that we can understand the influence of
the weather on the oceans, the oceans on the weather and both on the
entire global environment,

As we become more concerned about the degradation of the
environment and the problems of pollution, some of which are upon
us and some of which we can see coming rapidly, we are looking to
new means for unloading the ships that [ have discussed earlier and
of moving them about in such a way that we can prevent catastrophes
and problems from occurring, This has begun to increase interest
in offshore terminals, offshore storage and the means for moving
equipment from these offshore platforms to the land. These struc-
tures and terminals also pose new problems in ocean engineering
and new questions of hydrodynamics, of structures, of wave forces,
of the movement of sediments on the bottom, These too will pose
problems for this branch of the engineering profession,

In addition to these problems of manmade equipment and
structures we have continuing and increasing human interest in the
nature of the coastline itself, in the forces that shape the coastline,
either to construct it or to destroy it, and we always have the inte-
rest in learning how either to control these forces and movements
or to predict them and understand in what says we can live with them,
These also are traditional problems of naval hydrodynamics in the
broadest sense and problems that are very far from being solved,
So it is clear to me that in all these areas of transportation, of
terminals, of major structures at sea, of sensors to understand
what happens at sea and have an understanding of the very workings
of the natural forces themselves, this subject of naval hydrodyna-
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mics is important and full of problems that are interesting in them-
selves, but also of great importance for the human interprise of
keeping our lives, our civilisation and our planet together in the
best possible way,

For these reasons I am delighted to be here to help to open
this Ninth International Symposiura on Naval Hydrodynamics,
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WATER-JET PROPULSION
FOR HIGH-SPEED SURFACE SHIPS

Jacques Duport, Michel Visconti, Jean Merle

SOGREAH
Grencoble, France

ABSTRACT

h Free-stream subcavitating propellers are not proper
for very high-speed surface crafts, The range of
speed where subcavitating impellers can be used is
largely increased when the propulsion flow is sepa-
rated from the main external flow, i.e. when water-
jet propulsion systems are being used.

A great variety of water-jet propeilers can le pro-
posed depending mainly on the jet-velo.ity ratio
(then on the rate of flow ), and the .rr.ngement
of water circuits (either fully or partially su.’ merged,
either straight-flow or elbowed circuits, etc, ).

A common method of approach, applying to any of
these, is proposed for the determination of the hy-
drodynamic characteristics of the propeller system.
This concerns principally :

Energy balance of both internaland external flows,
Mutual interaction of both flows (including eventual
hull interaction),

Cavitation limits,

Diraensionless hydrodynamic parameters.

The hydrodynamics of internal flow can betoa large
extent analysed separately from the external flow
analysis, This is a source of consideraple simplifi-
cation for both theoretical and experimental appro-
aches,

Preceding page blank
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The authors show that his can be applied (while with
some precautions) to shortducted, nacelletype pro-
pellers. They describe an unconventional testfacility
which has been specially developed for the design-
study of high specific-speed impellers now applied to
a 50 knots water-jet propeller. Comparison of pro-
totype and predicted performances of this propeller
is 1n favour of the applicability of the 'partially se-
parated" hydrodynamic approach.

I. WHY IS WATER JET PROPULSION OF INTEREST FOR RAPID
SURFACE VESSELS

The use of subcavitating free stream propeller in surface
vessels is practically limited beyond speeds of approximately 40
knots. The main cause of this limitation is that the propeller thrust
behind the propeller requires that flow speed is at least equal to
forward drive speed and, consequently, relative speed at the rotor is
considerably higher than forward drive speed,

Thus even if a very low load coefficient is adopted, the
inception of cavitation is inevitable,

3
If the subcavitating impellers are to be used in the high
velocity range then the drive flux must be separated from the main :
flowstream i. e. water jets must be used. These comprise : y
;
an immersed water intake, E
an internal hydraulic circuit,
a pump, b

a discharge nozzle.

With this arrangement the practical range of subcavitating
impellers may be extended, principally, for the following reasons :

selected impeller approach and discharge speeds may be
adopted independently of forward drive speed (of the ship)

use may be made, if necessary, of impellers other than
the axial flow type which is suitable for free strecam pro-
pellers(centrifugal pumps, mixed flow pumps, multistage
pumps, etc.)
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Naturally the question must be raised as to the viability of extend-
ing the use of subcavitating impellers,

A discussion of this question would involve a comparative
analysis of all systems which have been, or which could be, used
for the propulsion of rapid surface ships. This would exceed the
scope of the present subject and we present graph fig. 1, extracted
from Mr Myers paper at the SNAME Hydrofoil Symposium 1965, to
which has been added a curve for the ''straight flow jet propeller"
which we will discuss later,

The existence of viable field of use for jet propellers (i.e.
Z flow or "water-jets' or straight flow) is even more evident if
reference is made to available thrust at the propeller at intermediate
speeds (and not simply efficiency at cruising speed as shown in
figure 1), In fact all rapid ships where the hull is designed to lift at
cruising speed suffer from relatively high resistance at intermediate
speeds and from this aspect, the performance of jet propellers is of
particular interest, as will be demonstrated.

II. TYPES OF WATER JET PROPELLERS FOR RAPID SURFACE
VESSELS

To the best of our knowledge, two main types of water jet
have been developed, or proposed, for fast surface vessels and they
may be differentiated by the general arrangement of the internal
drive circuit,

- the type which we propose to call ""Z flow jet propeller"
(ZFJP) comprising an inlet component {scoop) the forward
part of which is open, and a discharge nozzle at the rear
the axis of which is offset in height compared to that of the
water inlet axis. Between these two components, the cir-
cuit proper is rectilinear, or practically so, One of the
two elbows of the circuit may be formed by the pump volute.
This arrangement (specifically used by Boeing for hydrofoil
drive, is essentially based upon the advantage of fitting the
pump within the hull of the ship with in-line or parallel
shaft drive).

- the type which we propose to refer to as "Straight flow
jet propeller (SFJP) the inlet component and the discharge
nozzle being aligned, implying that the whole of the propel-
ler is submerged.

e e Ly
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Other circuit arrangements are, a priori, feasible, for
example those with a lateral water intake to provide a "I ' shape,
or those ( Q shape) in which the discharge nozzle would be lowered
to surface level, so as to reduce head generated by the pump.

However neither of these arrangements has been adopted
for rapid surface vessels,

T

As regards the former ( I' ), the cavitation limit character-
£ istics of the lateral water intake are considerably less advantageous
i that those of the frontal intake, so prohibiting its use at high speeds

; for surface vessels,

b The latter arrangement (§2) is of no practical interest
' since the additional weight and the head loss in the '"return sector"
more than offset the reduction of geometric head.

The Z flow propeller practically always includes a relativ-
1 ely long internal hydraulic circuit, part of which is situated above
the free stream surface, where as the straight flow propeller gener-
ally has a short hydraulic circuit and is often called a pumpjet and

in some ways, it is rclated to ducted propellers (ducted propellers
with a decelerating nozzle).

The internal losses in the Z flow propeller circuit can be !
relatively high so that the head produced by the pump results not ]
3 only from the kinetic energy added to the jet but also from the inter-
3 nal head loss and the geometric head, For this reason and also due
1 to weight consideration the optimization of this type of propeller
generally leads to a relatively high ratio of jet speed versus forward
drive speed and lower efficiency than that of a "straight flow" pro-
peller whichcan accept a relatively low ratio,

III. PERFORMANCE AND QUALITY PARAMETERS CHARACT' 2-
ISING A PROPELLER

We have indicated in § 2 that efficency is neither the only
one nor the most important parameter to take into account when
selecting the type or optimising the characteristics of a propeller
to be adopted for high-speed surface ship.

Restricting ourselves to hydrodynamic considerations
concerning both the propeller and the ship, we propose to define

] some simple parameters, which might express the main preoccupa-

tions ofa fast-ship designer.
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E 3.1. Efficiency, the most usual concept, needs some clarification,
E. which cannot be achieved by just transferring to jet propellers the

- considerations which have been developped for conventional free-

t stream propellers.

We think that there is no ambiguity about the definition of
£ "input power', which should be in any case the shaft power of the
impeller, and which we designate by Ps. This implies, however that
the power transmission efficiency should be taken into account
through another way in the selection and optimisation procedure,

"Usefull Power' on the contrary, as it is the case for convent-
ional propeller may be more ambiguous, as long as the '"thrust"
concept has not been clarified.

i In case of jet propeller it is easy to define the 'gross thrust"
Tg of the propulsion unit : this is the trust which results from the
jet reaction. In case of a drowned jet with a uniform distribution of
1 velocity, this being parallel to the drive speed, it writes :

Tg = M{Vj-V)

Tg = gross thrust

M = rate of mass-flow
Vj = jet velocity

v = ship speed

This gross-thrust is equal to the longitudinal component of
hydrodynamic forces transmitted to the ship by the propelling flux ;
these forces are transmitted not only to the surface of the internal
circuit but also partially to the ship hull if the intake mouth of the
propeller circuit is located close to it, (to this extent, gross thrust
of a jet propeller is not to be compared to the thrust of a convent-
ional "open-water'' propeller).

It is not enough to consider gross thrust of a jet propeller.
This is because :

-~ the wetted structures of the propulsion unit are the source
of a supplementary resistance which is not taken into account
in the gross-thrust, This supplementary resistance is due to 3
the external flow surrounding the wetted structures ; it can be |
for instance : the friction and wave resistance of struts con-
necting the propulsion unit (or the intake scoop) to the ship, or
the external resistance of the nacelle of a ''Straight Flow" 1
propulsion unit, etc,
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We propose to designate by Rp this ''propeller own resistance"
(which includes the resistance of associated struts),

- the flow around the hull (or foils in case of hydrofoils) can
be modified due to the presence of the propulsion unit (shape
modification) or the suction effect of the intake mouth, If it is

i so, the ship resistance may be modified, compared to the ob-
served figure in the absence of the propulsion unit, This may
occur for instance if a nacelle type SFJP or the scoop of a
ZFJP is combined with the wing systems of a hydrofoil ship :
the drag of the wing system can then be altered. We shall
designate by Ri the supplementary resistance induced by the
propeller (this introduces a correction factor which to some '
extent is analogous to the "suction coefficient'" of conventional

propellers, but does not at all respond to the same approach).

T o
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The net thrust is :

3 T = T -R_-R,; 3
1 g g P 1
It must be noticed that separate determination of Rp and Rj

is not always possible, since it may happen that they cannot be simp- 4
ly added.

Anyhow the valuce of RP t Ry can be reached through the
thrust and resistance balance of the ship with and without propeller.
This value depends not only upon the propeller design but also the
ship design, For that reason it is interesting to consider gross ;
cfficiency as well as net efficiency. i

. gross efficiency ng is the one determined from the gross

thrust : T .V
oI £ ]
g P
8
net efficiency : 5
T.V
n =P 4
n Py
1 3.2. Weight balance of the ship is also an important parameter when

rapid surface ships are concerned, since they normally operate with
either partially or fully emersed hulls, The contribution of the pro-
pulsionunit on this balance results :
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from the own apparent weight Wy p of the propulsion unit
(circuit, pump, etc.), the power-transmission gear and
emersed part of circuit-water.

from the lift Lp of the propulsion unit due to external
flow around the drowned parts of this unit, and/or the eventual
inclination of the jet.

We propose to consider the ''relative weight balance' of the
propulsion unit :
w -L
Rwp - — AP P

T
g

This parameter should be normally related to cruise conditions,

but it may be interesting also to refer to RWB under take-off
conditions,

3.3. We have mentionned earlier that the cruising speed condition

is not the only one to be considered when dealing with high speed
surface ships. The thrust requirement may be rather severe at
intermediate speeds, in relation with some kind of ''take-off'" proced-
ure. It is not possible to express these ''"medium speed'' recuirements
in general terms since they depend largely upon the type, the size
and more generally the 'project programme'' of the ship,

On the other side it seems rather easy to summarize approxim-
ately the '"'medium-speed thrust performance' of a given propulsion
unit into two simple parameters which we propose to designate
respectively by :

T
"peak thrust ratio" : tp = TP'
C
VP
""peak thrust relative speed : VP =y
C
where : TP is the maximum thrust as defined below,

TC is the rated thrust at cruising speed,

VP is the '"peak thrust velocity'" as defined below,
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VC is the rated cruising speed.

To define T, and Vl’ let us consider the trust versus speed dia-
gram({fig, 2). Two main limiting curves can be drawn on this diagram:
the one wich corresponds to a constant shaft power equal to that
required at cruising conditions, the one which corresponds to the
cavitation limit of the internal circuit and pump. Both lines intersect
at a point where the thrust is the highest one obtainable within the
limits of the cruise condition shaft power and in view of cavitation
limits, The coordinates of this point are Tp and Vp respectively.

Comparing two propeller types which might lead to equivalent
performances at cruise conditions, one may be induced to select the
one with the highest peak thrust ratio,

There is no precise general indication about the desirable
""peak thrust relative speed". However it must be noted that a high
peak thrust ratio cannot occur at high relative speed, but more at
relative speed between, say, 0.3 to 0.6.

A "low peak thrust relative speed' would mean that the effi-
ciencydecreases rapidlywith the ship speed and that the available
thrust at medium speed may be not sufficiently high,

3.4, Following examples of performances can be proposed, accord-
ing to the information we have in hands,

Straight-flow jet propeller
The 800 Kw, 50 kn prototype of SFJP which we have developped
performs the following characteristics,

Vlg =z 0, 73
nn = 0,655
tp = 1,5
vp = 0, 55
RWB= -0,3

The negative RWB figure is derived from u hydrofoil projected
application where, due to optimised lift of the propeller, the lift
exceeds the weight of the propulsion unit and its transmission

10
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generall; used to reduce external dimension
minimu:n while avoiding cavitation,

the Thoma parameter :

Water-Jet Propulsion for High-Speed Surface Shipe

mechanism,

21 mropeller - 45 knots

n

g 0, 50 approximately

tp = 1,12 to 1,2 approximately

The limitation seems to be due to th

e constant power condition more
than to cavitation limitation.

RWB = 0,10 to 0,15

Super-cavitating propeller - 55 knots

0, 63
0, 57
RWB = 0,15 to 0,20

g
mTn

tp = slighthy higher than one ; the limitation
is the "constant power'", not the cavitat-
ion limit,

IV. EFFECT OF CAVITATION LIMITS UPON CERTAIN JET
PROPULSION UNIT CHARACTERISTICS

Certain conditions must be respected to avoid the inception of
cavitation within the internal circuit of a jet propulsion unit, These
conditions directly affect the efficiency which is to be expected of
such units with the limit of efficiency depending, among other things,

upon the forward speed of the vessel for which the propulsion unit is
designed.

4.1. Z Flow jet propeller (ZFJP)

As aiready stated, these Propulsion units are fitted with a
scoop anc. a forward intake followed by an elbow. Vaned elbows are

s and head losses toa

The critical cavitation condition of an elbow is ex

pressed by

11
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NPSH
2
Ve /2g

NPSH being the net positive suction head at the elbow intake,
Ve is the mean velocity in the intake section of the elbow,

To the best of our knowledge, even with an extremely good
vane profile, ¢ must be at least 0, 35,

If this condition is to be respected then a diverging section is
required at high speed so that the velocity at the elbow intake is
lower than forward speed.

This limit has a dircct effect upon the central cross-section of
the scoop and upon strut thickness,

Scoop drag (friction and wave resistance) depends upon :

the shape of the cross-scction of the scoop and the intake
pipe,
the fairing and dimensions of the scoop and the strut,
dimensions,
In order to calculate simply the incidence of the non-cavitation
condition of the elbow upon propulsion unit performance, we will

suppose that the external centre section for optimised shapes of
scoop and strut is proportional to the cross-section of the elbow in-

take,
Scoop and strut drag D may thus be expressed as :

D =—KC »pse v
2 X

where
K is the form factor

Cx is the coefficient of drag

P is water density

Se 1is the elbow cross-section

V is forward speed
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Moreover the gross thrust of the propulsion unit may be expres-
sed as :

T = PQV (w-l)

where

w = VJ and VJ is jet velocity.

The critical cavitation condition may be used to calculate Se :

Se = Qef_Yt¢
V 2g (NPSH)

where o, is the "critical" value ofg¢

From these equations it is possible to calculate the non-dimensional
parameter :

T8 = 2iwel e
D KCx V o

[

This equation shows that, for a given forward speed (and thus
a given NPSH) TG/D increcases with w, which is evident since an
increase in w for a given thrust leads to a decrease in the rate of
propulsive flow, This effect though beneficial upon scoop drag, reduc-
es the theoretical drive cfficiency which is equal to—2 This
will not be expanded in this discussion since the optimisation of w
also involves head losses in the circuit and the weight balance.

It should also be noted that %— decreases when the forward
speed of the ship increases,

Morcover the non-cavitation condition of external flow and the
external streamlining of the scoop will increase coefficients K and
Cx. Beyond a spced of approximately 50 knot , sub-cavitational
flow can not be maintained around the scoop and supercavitational
conditions of external flow would lead to an increase in KCx.

4.2, SFJIP

The non-cavitation condition for the external circuit may not,

in this case, be expressed so simply a* for the scoop elbow of the
ZFJP.
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The critical conditions for the inception of cavitation in the
pump involve the pump characteristics :

_ Q
’ Cm = Sr 4/ 2gH

in which :
# Q is the rate of propulsive flow
1 Sr is the cross-section of the impeller
h H is the head generated by the pump

H
V=
u?/2g
in which :

u is the peripheral velocity of the impeller,

Finally for the given value of Cm and ¥ the pump cavitation
limit is expressed by the Thomas parameter :

NPSH
H

ag=

A complete examination of this question, which will not be given
here, reveals the following principal considerations :

In propulsion units for high forward speeds : a diverging section 1
before reaching the pump inlet is, in every case, necessary : for
example at speeds of 50 knots pump intake speed has had to be
reduced by approximately 80% of “he forward drive speed.

As with the ZFJP scoop, increase in speed to slightly over
50 knots results in a slight increase of coefficient K and, beyond a
certain limit speed, super-cavitating external flow is required.

Finally, it may be seen quite readily that available pump ¢

for a given w decreases as velocity increases, this may be compen-
sated by :

b e it b

- either reducing w by discarding the optimum values result-

ing from compromise between theoretical efficiency and nacelle
drag,
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-~ or by adopting a 2 stage pump.
V. HYDRODYNAMIC STUDIES OF JET PROPELLERS

5.1, Advantages and limitations of separating the study of internal
and external circuits

For long circuit water-jet propulsion units of the # flow-
type, separate examination of the hydraulics of ti = external and
internal circuits, and particularly the pump, is clearly well-founded
and advantageous, The internal ard external flux have to be examined
conjointly only in the study of the immersed scoop.

In the design studies of nacelle type propulsion units of the
"straight flow' type we considered that the same separate the»retic-
al and experimental approach was also of great interest for the fol-
lowing reasons :

. theoretical analysis of the internal flow and circuit design is
much simplified if it is considered separately from the extern-
al circuit. This is particularly significant when applied to the 3
pump design, L |

. experimental approach also is very much facilitated. For
example the test rig allocated for internal circuit study may be
used for measuring directly all characteristics of the internal
flux (rate of flow, momentum, thrust, cavitation limits, etc.) ]
without any interference of the external flow, i
High enough Reynolds number and a proper cavitation simul -
ation can be obtained with a reasonably small test rig as the
one described below. If equivalent limits were to be attained
in a hydrodynamic tunnel then the vein size would have to be
at least 1,2 metres in diameter with a vacuumof 0,5 m 4
absolute, a flow speed of 12m/s and discharge of 14m3 /s so ’
that the facility would be considerably larger than that describ-
ed below whose discharge is limited to 0,5 m?/s. Moreover,
in such a tunnel facility, cavitation around the nacelle would
limit investigation of the cavitation limits of the internal cir- 1
cuit, Nevertheless separate study of the two flux gives rise to ]
certain difficulties since the internal flow is influenced by the
external flow as is clearly shown, for instance in theories
concerning ducted propellers,

However in the case of "straight flow' propulsion units of the
type which we have developped for rapid surface ships, this cffect of

- b et R S
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the external flow upon the internal flow is relatively low and can be
approximately taken into account in the '"separate flow' approach,

For instance the transversal distribution of approach velocity

F: into the pump may be simulated by properly adjusting the profile of
1 the intake bell-mouth of the model., This adjustment is based upon

calculation (perfect fluid and boundary layer) and upon smaller scale
tests of the complete propulsion unit in a hydrodynamic tunnel,

As regards the discharge nozzle, the absence of external flow
in the test rig described below, slightly modifies the jet contraction
compared with the prototype nozzle. Therefore we carried out model
tests of the pump with various nozzle diameters and finalised the
nozzle diameter adjustment during the prototype tests in the
TOULOUSE high-speed towing-tank,

5.2. Methods of approach applied to the design studies of jet propel-
1

icrse

The methods mentionned hereafter are the ones we applied for
finalising the hydraulic design of the straight flow 50 knots jet propel-
ler dealt with in § 7. However the same general way could be follow-
ed for Z flow jet propeller design, with some adaptation,

a) Intake mouth of the nacelle

Analysis of flow in this part of the machine requires the con-
sideration of both internal and external flow. Two main methods
have been used :

- potential flow axisymmetric computation with a special at-
tention towards the cavitation limits of the circular leading
edge area.

- experimental study on a hydrodynamic tunnel where the in-
ternzl flow was separately controlled (see fig. 3).

These approaches could well be adapted to the design studies
of intake scoop of a # flow jet propeller.

b) Driving pump

A special test rig had to be developped for that purpose as will &
be explained in 8 6.
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c) Nacelle body and rejection nozzle

- conventionnal friction resistance computations were ap-
plied to predict the nacelle external friction drag.

- experimental study of a complete small scale model of
the propulsion unit (fig. 4) was carried out, having in view the
determination of cavitation limits of the external flow and the
lift coefficient of the propeller,

During these tests the internal rate of flow was simulated with
help of a small internal pump similar to that of the prototype but no
shaft power measurement was made since the impeller Reynolds
number and bearing friction torque were not proper for that purpose.

d) Integral test of the entir¢ propulsion unit

Since the effect of mutual in‘eraction of external and internal
flows is of the same order of magnitude as the one of scale
effects, we decided to run integral accurate tests only on the
full-sizc¢ prototype unit. As alrcady mentionned this implies
that the hydraulic design of some parts of the propulsion units
(mainly the rejection nozzle) has to be finalised during the
prototype test. This is presently carried out as explained in

5 7.

VI. TEST RIG FOR HIGH SPECIFIC SPEED PROPELLER-PUMP
DRIVE UNITS

6. 1. Description of the test-rig

If centrifugal or mixed flow pumps are involved, conventional
test rigs may be used to perfect the hydraulic design of pumps used
in water-jet drive units, The only significant difference between
these and normal pumps is the relatively higher velocity at the
volute outlet.

However the test rigs normally used for propeller pumps are
not suitable for solving the problems associated with high specific
speed propeller pumps, used in the SFJP.

Firstly the head generated by these pumps is often relatively
low in comparison with the kinetic head corresponding to approach
velocity and to discharge velocity so that accurate measurement of
the generated head is difficult, Morcover pump efficiency, as a pro-
peller, depends upon both genecrated hecad and also upon the transversal
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velocity distribution at the nozzle outlet, i-e the momentum commu-
nicated to the jet, For these reasons we have found it necessary to
construct a specialized test-rig in which the momentum transmitted
to the propulsive flux is measured directly and not solely the incre-
ment of energy transmitted to the said flux, Tae design of this
test-rig also allowed for the necessity of simulating head (captation
energy) due to the forward drive speed of the ship. Thus a circula-
tory pump had to be used,

The simulation of cavitation conditions is achieved by the con-
trol of absolute pressure on both sides of the model pump.

The figures 5 and 6 show the basic arrangement of the test
rig.

Maximum impeller diameter is 300 mm, The model, placed
between two tanks, allows visualisation of the impeller, distributor
and diffuser,

Water circulation is ensured by a 520 1/s pump with 9 metre
head at 835 rpm driven by a DC thyristorised motor at variable
speed between 0 and 2 500 rpm. A 1/3 reduction unit is mounted

between the pump and the motor. Motor speed stability is controlled
to within 1/100,

The 500 mm diameter piping is fitted with two vaned elbows,
a manually controlled 500 mm diameter valve, a 350 mm diameter
vertical turbine flowmeter with calibrating piping.

The 2.2. metre diameter upstream tank was specially design-
ed to ensure correct feed to the pump : uniform flow distribution,
absence of vortex, etc,

The water level is regulated by a capacitance sensor acting
upon rotation velocity of the circulation pump, The water level is
Zp = 1, 8 metres above the plane of the impeller., Absolute air pres-
sure above the water surface may vary between 0,05 and 1,7
atmospheres. The upper tank also supports the two water-floating
bearings - diameter 360 mm and 160 mm of the stator casing.
Internal stiffeners avoid displacement Letween these bearings, The
tank also supports the thrust-balance and the torque balance.

The lower tank, diameter 2,5 metres, was specially design-
ed to dampen jet energy without sucking unwanted air to the pump
while ensuring a stable level. The facility may be operated with the
nozzle either drowned or not. Absolute pressure above the water

18
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level may also be varied between 0,05 and 1,4 atmospheres.

3 Water head between the two tanks is measured accurately by a dif-
: ferential manometer (mercury weighing). Air pressure in the upper
L tank is weighed in the same manner.

Model rotation is ensured by an asynchronous motor, between
300 and 1 750 rpm whos: speed is varied through a frequency
converter. Resultant stability is to within 1/1000 of rotation speed,

The whole body of the jet propeller (i, e. intake bell-mouth,
p.mp and nozzle) is rigidly connected to a main stator structure
which is vertically guided in two self-centering guide-bearings fed
with water under pressure. The vertical rcsultant of weight and
hydraulic thrust acting on this structure 1s measured through a
weighing -balance to which it is connected through a oil pressure
frictionless thrust bearing., Since the total weight of the balanced
body, and pressurez on both sides of each guide-beirings are known,
it is possible to derive from the balance measuremcat the net thrust
due to the jet effect. Because of the absence of friction in the guide
and thrust bearings, it is also possi 'e to measure the stator torque
(which corresponds to the jet rotational momentum).

g~

The stator of the driving motor is mounted in the above-
mentionned stator body with help of self-centering guide and thrust
bearings fed with oil under pressure, thus allowing for accurate
driving torque measurement, then accurate shaft-power determina-
tion. The friction torque of the shaft guide bearings situated in the
propeller body is not directly measured but is taken into account
through a precalibration procedure., A pressure sensor in the oil
floating shaft thrust bearing is used to measure rotor thrust after
calibration.

The 360 mm diameter water floating bearing, mounted bet-
ween the two tanks serves as a water seal. Its leakage rate is ca-
librated and is approximately 0,15 1/s. The 160 mm diameter
upper floating bearing serves as aa air seal, Its leakage is also
taken into account,

This rig is equipped with centralised remote control and mea-
surement equipment,

The flow, head and pressure characteristics of the rig are
such that it proves very useful for perfecting propeller pumps for
SFJP type drive, covering the forward speed range from 0 (fixed
point propellers) up to approximately 100 knots.
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6.2, The following figures can be directly derived from the measure-
E ments made with a propeller of diameter D on the test rig described
above :

the head H applied between the external limits of the pro-
pulsion unit model ; this head simulates the effect of kinetic
E energy due to the forward speed V of the ship,

Ej . the rate of mass-flow M passing through the propeller,

the component of the jet momentum M in the axial direc-
tion,

the shaft power Ps
3 . the rotational speed N
the net positive suction head NPSH,
From these figures, it is possible to determine :
The equivalent ship speed : V = 2gH
The gross thrust : Tg = M -MV

(i. e. the gross thrust obtainable at speed V from a propulsion unit
operating under the same intcrnal hydraulic conditions as the model)

The gross efficiency 0 o Ta
g P
T 2
¢ The thrust coefficient C = G with S = D
T 1—pV2 R 4
2 S
R
ND
The rpm coefficient u = v
1
3 The cavitation coefficient hNA = —N—ZI—DEE—
‘ V©/2g

The dimensionless parameters defined above can be plotted in
a diagram as the one represented in fig. 7 and then applied through
similarity considerations to the determination of a prototype propul-
sion unit of given dimension and speed.

o i
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VII, TESTS ON THE 50 KNOT SOGREAH PROPULSION UNIT
SFJP TYPE IN THE CEAT (Centre d'Essais Aéronautique
de Toulouse) HIGH-SPEED TOWING TANK

After completion of tests carried out on the internal circuit,
using the test rig already described, and on the external circuit in
the tunnel, we designed and constructed a 800 kw prototype unit for
complete testing in the CEAT high-speed towing tank. Impeller
diameter is 0,772 m for the prototype compared with 0,268 for
the impeller of the model while the ratio of power consumed under
cruising conditions was 800/7 Kw for the two types of test,

The graph 8 shows the comparison of efficiency obtained on the
test rig for the scale model and in the tank for the prototype.

Curve | represents the net efficiency obtained with the 0,772
diameter prototype. This efficiency takes account of the nacelle drag,

Curve 3 is derived from curve | by subtracting the external
drag losses of the nacelle and therefore represents the gross ef-
ficiency as defined above,

Curve 2 represents gross efficiency obtained with the scale
model, diameter 0,268 m, Comparison of curves 2 and 3 shows
that the variation of cfficiency with the thrust coefficient is properly
predicted fromn the model. The difference in cefficiency between model
and prototype is of order of magnitude which can be anticipated from
scale ceffect consideration,

Figure 9 shows the net thrust Tn versus V characteristics -
the limiting curves arec those derived from the model test results.

The points represent the results obtained to date on the 0,772 m
prototype with operation near to the diagram limits,

The test program will be continued for even closer approach to
the operating limits., It must be noted here that the drag losses are
likely to be reduced if the trailing edge profile of the nozzle is mo-
dified which will help to improve overall efficiency.

The following characteristic parameters may be noted from
both figures :
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n = 0,73
g

»n = 0,655

tp = 1,50

vp = 0, 55

VIII. CONCLUSION

A general method of approach has been briefly described, this
applying to the hydraulic design studies of jet propellers for high
speed surface ships., The validity of this method where internal and
external flows are to a large extent separately considered had to be

proven, at least for application to short ducted straight flow jet
propellers,

The tests of a 50 knot , 800 Kw prototype propulsion unit in
the high speed towing tank of CEAT in Toulouse has shown a good
accordance between the prototype performances and the predicted
characteristics which had been derived from the proposed approach
method. The descrepancies are within the limits of the expected

scale effect which is normally observed when dealing with reduced
model approachs,

We have also proposed some simple dimensionless parameters
for the sake of comparison of various types of propellers applicable
to rapid surface-ships. The prototype test proved the high perfor-

mances of the Straight-Flow-Jet Propeller unit, and its potential
interest in this field of application,
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Subcavitating Propelier
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Fig. 3 Scale model used in tunnel test on flow conditions at i
the inlet of an SFJP propulsion unit i

Fig. 4 Scale model test in tunnel of SFJP

propulsion unit
external circuit
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Test-rig for high specific
speed propeller~pump
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Fig.9 l

Fig, 5 SFJP propulsion unit test rig
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Fig. & SFJP

scitle model used in tests
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Fig. 7 SFJP Rig tests results
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deduced from test rig results (D = 0,268 m)
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DISCUSSION

William B. Morgan
Sl Chalp Research md Development Center

1 hethesda, Maryland, U.S.A.

,“‘ ;
The propulsion device discussed by the authors would more

appropriately be called a ducted propeller, The term water-jet is

E usually rescrved for a propulsicon device where a pump is located in i
3 a long pipe and the pump does not induce a drag around the duct. The )
# device shown in Figure 4 is a ducted propeller of the decelerating -

flow type. Since the authors do not give any references it is not clear
whether theyarce familiar with the vast amount of literature which is
available, I thought that it has been conclusively shown that it is pos-
sible to consider the duct separately from the impeller and to perform
tests on the inlet, Figure 3, and the interior flow, Figure 6, separa-
tely. In the duct shown in Figure 4, the impeller would induce a cir-
culation about the duct which, in case of the decelerating -flow, would
cause a drag increase. I do not believe it is possible to separate the
internal and external flow as you have done.

R ki 7y

In Figure 1, you have purportedly shown a comparison bet-
ween the efficiencies of various propulsion devices, This figure was
not valid when it was published nor is it valid today. Also one should
consider the partially -submerged | ropeller. This propeller is not
applicable to hydrofoil craft but can be a very efficient means of pro-
pulsion where there is a flat bottom at the stern,

™ A Wl T At
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REPLY TO DISCUSSION

Jacques Duport
SAGREAH

Gronel le, France

Thank you, Dr. Morgan for your comments. About the dis-
cussion on denominations, I think we have also to find names in
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French, for instance for '"Z flow" or ''straight flow' propeller
units,

Regarding the information contained in Figure 1 we know that
it may be obsolete to some extent, since we mention the date of the
source (1965), This discussion might be a good opportunity to collect
recent characteristics of propeller devices applicable to fast surface
ships, These informations should include not only the efficiency at
cruise condition but also some other parameters as the one we have
proposed (or equivalent) dealing with the "intermediate-speed" per-
formancc and the weight-balance of the propeller unit,

We agree with Dr. Morgan that the 'partially submerged
propeller" should be included in the comparison, while keeping in
mind that it is suitable only when no important relative moveme nt
between the ship body and the water surface can occur,

PR vy

The authors are well aware of the literature available on
ducted propellers, even if they are not familiar with all the methods
used in this field. For the sake of simplicity of experimental approach
they decided to carry out a ''separate flow approach' as it has been
described in the paper. They agree that this is justified only if the
drag of the duct is properly taken into account, which is the case with
the method used. However they recognize that the justification has
not been clearly and sufficiently explained in the paper and they plan
to complement the present reply to Dr, Morgan in an appendix to
their paper.

s e i

APPENDIX
TO THE PAPER BY J. DUPORT, M. VISCONTI AND J. MERLE
* Water-Jet Propulsion for High-Speed Surface Ships”

This appendix is complementing the reply to Dr.J. W, Morgan's
discussion. The authors also take the opportunity of bringing comple-
mentary information on the test of the 800 kW prototype of the '"Isere'
propeller,

The authors have written that 'the hydrodynamics of intern-
al flow can be to a large extent analysed separately from the external
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flow analysis'. This does not mean that each flow can be considered
as independent from the other ; particularly the circulation around the

duct and the negative thrust on this part of the propeller are properly
taken into account.

The authors were probably wrong no. to expl#in clearly enough
that the so-called '"'separate flow approach' is preceded by a '""complete
] flow approach (i. e. dealing with both flows together) which serves the
"51 purpose of determining the respective "limit conditions' (i. e. bound-

] ary conditions) of each flow,

Before coming back to this '"complete flow approach "which,
in the case of the "Istre' design studies, was a simplified one - we
feel it advisable to emphasize :

g el pe o S e

(i) that either internal or external flow is entirely determined
as soon as the 'limit conditions' are fixed. For the internal flow,
these conditions are (see Figure 10) :

the ""flow tube' separating both flows, upstream as well as
downstream of the propeller, and the internal solid boundaries ;

G s it

pressure (which is equal to pw) at each remote cross-
section S| and Sj ;

velocity distribution in each of these sections, Each flow
can then be analysed from these limit conditions (as soon as they arc
known) without further reference to the other part of the complete

Lo

flow,
] 5
1 (i) predetermination of the '"complete flow' need presetting of 1
- the circulation around the duct (or equivalently the intern- ;
3 al rate of flow)
% - the radial load distribution of the impeller (or equivalent-

ly the normal velocity distribution in section Sj . ]

Once these figures are preset, the profiles (and r.p. m.) of
the impeller (stator and rotor) have to be designed in accordance with

them ; it is erough for that to apply to the impeller design the limit
conditions proper to the internal flow,

(iii) in a "inviscid flow approach' as the one considered present- |
ly, the thrust of the propeller (including the duct) can be derived from
the internal flow description alone, This is an obvious result of the
momentum equation applied to the completce flow,

i,
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As a result of this :

- presetting of the figures mentionned in (ii) here above
takes account directly of the requirec thrust ;

- the propeller thrust can be derived from the thrust measur-

ed on the "internal flow'" model as described in paragraph
VI of our paper.

As already mentionned the "complete flow approach' was a
simplified one which appeared to be applicable due to the reduced

contraction between the nozzle outlet and the jet diameter, (Diameter
ratio .95).

According to this the downstream separating flow tube was
assumed to be the same as the "free-jet'" flow surface. As indicated
in the paper, the slight discrepancy might be corrected through a li-
mited nozzle diameter adaptaticn if required. It must be noted here
that the '"complete flow'' test on the prototype did not give any evidence
of such effect, and no correction had to be applied.

The determination of the "upstream separating surface was
made through the "potential flow approach' described in paragraph
V.2.a and illustrated in Figure 11 attached to this annex.

To conclude we would like to insist on the fact that the ac-
cordance between the "expected performances' (for instance thrust
versus r.p.m,. etc) and the mcasured performances of the prototype
is quite satisfactory in the whole range of parameters. This, as well

as the relative simplicity of the approach, is, may be, the best justi- ]
fication for the way we followed.

The tests in Toulouse have been continued through an im-
provement of the trailing edge of the nozzle (which was formerly un-
duly thick) the efficiency has been raised by more than 1%, the net
efficiency is then now a little more than 66,5% .

i A . it T ki
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THE FORCES ON AN AIR-CUSHION VEHICLE
EXECUTING AN UNSTEADY MOTION

Lawrence J. Doctors
Iniversity of New South Wales

Sydney, Australia

ABSTRACT

This paper treats the theoretical problem of an
air-cushion vehicle (ACV) travelling over water of
uniform finite or infinite depth, with an arbitrary
"motion. The ACV is modelled by a pressure
distribution applied to the free surface of an invis-
cid incompressible fluid and the boundary condi-
tions on the free surface are linearized.

Numerical results are presented firstly for accele-
rated motion from rest. In deep water, the hump
condition is delayed to a higher Froude number,
while in finite depth, the hump resistance is
appreciably reduced - even by moderate levels of
acceleration.

The effect of tank walls on these results when
carrying out model tests is next examined. The
side walls of the tank alter the resistance by less
than one per cent in accelerated motion, if the
tank width is greater than four times the model
beam.

Finally, calculations of the side force acting on a
yawing ACV are presented. For super-hump speeds,
the side force is of the same order as the wa-
ve resistance and favorably aids the turn. It is al-
so shown that the steady-state forces are realized
when the craft has travelled a distance of less
than two vehicle lengths after a manocuver,
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I. INTRODUCTION

I. 1. Background

Havelock (1909, 1914 and 1926) was the first to study the
theoretical problem of the wave resistance of a pressure distribu-
tion. His interest lay in a desire to represent the disturbance {rom
a ship. As a result, the pressure distributions that he chose to ana-
lyze were very smooth and were not typical of the pressure under-
neath an air-cushion vehicle (ACV). However, later on, Havelock
(1932) derived the general expression for a pressure distribution
travelling at a constant speed of advance. In this paper, he also
showed that, under the assumption of a small disturbance, the action
of the pressure was equivalent to a source distribution on the undis-
turbed free surface. The relation was :

ol el

o OB (1) ]

pg 9dx

where ¢ and p are the source intensity and pressure at the same
point, c¢ is the velocity in the x direction, p is the density of the
fluid and g is the acceleration due to gravity.

Lunde (195]a) extended the theoretical treatment to include 1
the case of an arbitrary distribution moving over finite depth. Nume-
rical calculations which are directly applicable to the ACV have been
carried out by cther workers. For example, Newman and Poole
(1962) considered the two cases of a constant pressure acting over a
rectangular area, and over an elliptical area. The most striking
feature of their results is the very strong interaction between the
bow and stern wave systems. The resistance curves displaved a se-
ries of humps and hollows - particularly for the rectangular distri-
bution (where the interaction would be greater). A hump is produced
when the bow and stern wave systems are in phase and combine to
give a trailing wave of a maximum height. A hollow occurs when the
two wave systems are out of phase by half a wavelength so that the
combined amplitude is a minimum.

The interference effects are found to be stronger for large
beam to length ratios, as would he expected from this argument,
since the wave motion becomes more nearly two-dimensional. The
humps arc found to occur at Froude numbers given approximately by

F =1/ \/an-l)w forn=1, 2, 3, ... (2)
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and the hollows occur approximately when
F=1/N2rn forn=1, 2, 3, ... (3)

In the limit of infinite beam (a two-dimensional pressure band), the
humps and hollows are given precisely by Eqs (2) and (3). This re-
sult was found by Lamb (1932).

In water of finite depth, the main, or '"last", hump (n=1)
is shifted to a lower Froude number, and for sufficiently shallow
water, occurs at a depth Froude number, Fy , equal to unity
{(that is, at the depth critical speed). Similar calculations were given
by Barratt (1965).

Newman and Poole also considered the effect of a restricted
waterway, such as a canal. In such a case, the wave pattern is cons-
tituted from wavelets of discrete frequencies only, which can exist
in the tank, whereas in laterally unrestricted water a continuous
distribution of frequencies exists. As the speed is increased past
the critical speed, the transverse wave component can no longer
occur, and as a result there is a discontinuity in the wave resistance
curve. This sudden drop in resistance is given by

2
AR =W (4)

2
2pgBd

where W is the weight of the ACV, B is the width of the tank and
d is the water depth.

Havelock (1922) also presented some results for a very
smooth pressure distribution moving over water of finite depth. These
too, showed the shift of the main hump and the increase in its magni-
tude in shallower water. Havelock's curves displayed only the main
hump. The secondary (n = 2) and other humps did not occur because
of his choice of pressure distribution,

In recent years, a number of experiments have been carried
out in order to check the above-mentioned theoretical results., These
have been performed in particular by Everest (1966a, 1966b, 1966¢
and 1967) and Hogben (1966). The fundamental question pointed out in
these papers is the resolution of the total drag on the ACV into its
components. Apart from the wave resistance, the forces acting on
the craft are aerodynamic drag and wetting drag.
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In these experiments, the total drag was usually measured
with a dynamometer. The aerodynamic drag was then estimated from
the drag coefficient on the model, and the momentum drag was obtain-
ed from the mass flow into the cushion. The agreement between theory
and experiment was found to be best at speeds greater than hump. At
lower speeds, nonlinear and viscous effects become important and
there was a large scatter in the data.

To avoid the troublesome wetting drag, Everest (1966a)
attempted to eliminate it using a thin polythene sheet floating on the
water surface. The resistance breakdown is further discussed by
Hogben (1966). The experiments only indicated the presence of the
first two (n =1, 2) and possibly there (n = 3) humps. Hogben
(1965) showed that this result fitted in with the idea that the maximum
ratio of wave height to length is about one seventh. That is, wave
breaking prevents the occurrence of the additional humps.

Further experimental work by Everest, Willis and Hogben
(1968 and 1969) dealt with an ACV at an arbitrary angle of yaw. This
problem was also studied numerically by Murthy (1970), In the expe-
riments, the wave resistance was measured directly from a wave
pattern survey, using the transverse cut method. There was consi-
derably less scatter in the data using this method, since the rather
doubtful technique of estimating the wetting drag was eliminated. In-
deed, the agreement was found to be somewhat better, particularly
for the lower of the two cushion pressures tested.

In an attempt to get better agreement with experiments at
lower speeds, Doctors and Sharma (1970 and 1972) used a pressure
distribution which essentially acted on a rectangular area but had a
controlled amount of smoothing - both in the longitudinal (x axis)
and in the transverse (y axis) direction. The distribution used was :

p(x,y) = -% P, [tanh la(x + a)} - tarh {al(x - a)*:lx

X[tanh{ﬁ(y 4 b)} = tanh{ﬂ(y - b)f] , (5)

where p, is the nominal cushion pressure, and a and b arec the
nominal half-length and half-beam respectively. The rate of pressure
fall-off at the edges is determined by the parameters a and f§ .
This function is shown in Fig. 1. As a special case, « , § — o is
equivalent to a uniform pressure acting on a rectangular area 2ax2b,

In practice, of ourse, the pressure at the edge of an ACV
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does fall-off at a finite rate, corresponding approximately toa a =fa
= 40. Nevertheless, it was found that only by selecting aa =f8a = 5,
could the humps inthe resistance curve above the third be essentially
eliminated. Thus clearly, viscosity and non-linearity are important
at low speeds. Some of these calculations are reviewed in this paper.

Another problem of practical interest is the wave resistance
during accelerated motion, as one is frequently concerned with the
ability of a heavily-laden craft to overcome the hump resistance in
order to reach the cruising speed.

The problem of acrelerated motion for a ship has been treat-
od by Sretensky (1939), Lunde (1951b, 1953a and 1953b) and Shebalov
(1966). Wehausen (1964) made numerical calculations for a particu-
lar motion of a ship model starting from rest. His results consisted

of asymptotic expressions valid for large values of the time after a
steady speed was obtained.

Djachenko (1966) derived an expression for the resistance
of an arbitrary pressure distribution moving with a general accele-

ration pattern in deep water. He also presented some results for a
two-dimensional distribution.

Doctors and Sharma found that the main effect of accelerat-
ed motion on an ACV is to shift the main hump to a higher Froude
number, and in finite depth to reduce the magnitude of the hump quite
significantly. These results are partially presented in this paper.

I.2. Present Work

The basic theory for the wave resistance of a time varying
pressure distribution will first be given. Then the results will be

applied to the case of an ACV executing rectilinear motion in a hori-
zontally unrestricted region,

The work will then be extended to the case of an ACV moving
along the centerline of a rectangular channel. From these calcula-

tions it is possible to determine the effect of the tank walls on the
wave resistance.

Finally, the case of a yawing ACV will be examined. In
particular, the induced side force acting on the craft will be deter-
mined, so that its importance during a manoeuver may be assessed.
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II. BASIC THEORY

II.1. Problem Statement

We represent the ACV by a pressure distribution p(x,y,t)
acting on the tree surface, and travelling with the speed of the craft,
Two right-handed coordinate systems (reference frames) will be used,
and are shown in Fig. 2. A third coordirate system that rotates with
the craft during a yawing motion will be introduced later, The axis
system £yz is fixed in space, and the system xyz moves with the
craft, z being vertically upwards while x and ¢ are in the direc-
tion of the rectilinear motion. The relation between the coordinates
is then given by

£ - s(t)
t

¢ -/ c(r)dr (6)

where s is the distance that th(gJ craft has moved. The pressure in
the stationary reference frame is denoted by p* (¢, y, t). The
velocity potential in the stationary frame, ¢ (such that the velocity
is its positive derivative), satisfies the Laplace equation, so that

E
1

V2¢ = 0 (1)

The kinematic boundary condition on the free surface requires
that a particle of fluid on the surface remains on it (for example, see
Stoker (1957)), so that

ID)t [Z- f(f;y,t)]zzg— = 0

where ¢ is the elevation of the free surface. Now we have ithe sub-
stantial derivative :

D
Dt

s 9 9
_at+¢£ a£+¢y 3y+¢z e

so that the exact kinematic condition becomes

= - - =0 8
[«»z % ¢ %%]z:; ¢y (8)

The linearized kinematic condition is obtained by dropping the second
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order terms, and then writing the remaining terms as a Taylor
expansion about the point z = 0. After dropping the higher order
terms again, we obtain simply

[¢z] z=0 g't =0 (9)

The dynamic condition on the surface - the Bernoulli equa-
tion - in the stationary frame is

] ! 2 2 2 s
— P . -
! ¢t+2\o£ +¢y +¢z)z:('T+”f f, (10)

where f is an arbitrary function of time, which may be put to zero
without loss of generality. Eq. (10) is now linearized to give

|:¢t] z-() ‘

The combined free surface condition is obtained from Eqs,
(9) and (11) by eliminating {

T

gt =0 (11)

b'-c

o

b it et

1 5
[¢tt 'oe ‘pz] z=0 -T pt (12)

The final boundary condition needed states that there should 3
be no flux through the water bed :

[¢z:l z=-d =8 (13)

The solution f this set of equations can be obtained by an
application of the doubl: Fourier transform pair :

II.2. The Potential

1 F(w, u) =l—; ] dx / dy f(x, y) exp ‘z-i(wx +uy) |

and

(= <]
1
I(X, y) :2—” / dw
- o0

and the Laplace transform pai

oo
fdu F(w, u) exp {i(wx + uy)* ,  (14)
r

4]
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L {f(t)} = / £(t) exp(-qt) dt
and 06+'
I 00
(1) =5— [Lae)}  explat) at (15)
5=ico

4 being a positive constant,

The Fourier transform of Eq. (7) is first taken, giving

¢, ~k =0 (16)

where ¢ is the Fourier transform of ¢ , and

km = w + u (17)

The solution of Eq. (16) subject to the transformed bed condition,
Eq. (13), is

d(w, u;z, t) =A (w, uj t). cosh ’k(z+d)} (18)

Eq. (18) is now substituted into the Fourier transform of the
free surface condition, Eq. (12), giving

2 1
Att + YA = -T sech (kd) pt (19}

where P is the Fourier transform of P and

72 = gke tanh(kd) (20)

We now take the Laplace transform of Eq. (19):

(@ + +2) LA} - - sech(kd) [q LY P(w, uit) } - P(w.u:O)]

The inverse Laplace transform is taken, using the convolution theo-
rem on the first term :
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t

seon S, fres o

]

+ M P(w, u;0)

We express P by means of the Fourier transform, and then the
inverse Fourier transform is taken :

- -] oo

t
12 //ds'fdrfdwfd.- po(E,y,1)...
4x p

5’ 0 -» -

coshfk(z + )} | A\ tiay (- 1))

cosh (kd)
12 ‘/];S'/dw e
475
co s’ -0
/du o8( ¢y, 0) <oshik(z + )}

cosh (kd)
sin(ng'tanh(kd)‘ t) expl i ' i
. plilw(t - &)+ u(y -y} (21)
\/gk *tanh{kd)
5

where p* =p (&',y', r ) , defined over the area S' , while ¢’
and y' are dummy variables in the stationary reference frame.

¢(£'sztt) =l =

. exp{ Hw(E - £) +uly - y)+

Eqg. (21) is the potential for an arbitrary time-varying
pressure distribution starting at t = 0 . Thus the solution for the
general motion of an ACV is obtained. In the following sections, we
shall consider special motions of a pressure distribution which is
non-time varying with respect to axes rigidly attached to the vehicle.

III. RECTILINEAR MOTION IN HORIZONTALLY UNRESTRICTED
WATER

III.1. The Potential

We now consider motion of a craft starting from rest at
t = 0. The expression for the potential, Eq. (21), may be simpli-
fied by partial integration of the five-fold integral with respect to 7 :
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- -] L

t
1 , 8 .,
5 dS dr dw du P.,(E :Y,r)
4r p
g 0 ~ 00 - 00

cosh{k(z + d)} sinfy (t - r )}
cosh(kd) * Y T

¢(€:Y.Z.t)= -

exp{i(w(§ - £') + uly - y')} (22)

The pressure distribution, p* , as measured in the stationary
reference frame is a function of time. It is related to the pressure
in the moving frame, p , by the following equation :

p° (£,y.t) = p(x.y)

p(§ - s(t),y) (23)

III. 2, The Wave Resistance

The resistance cf the pressure distribution is defined as the
longitudinal component of the force acting on the free surface, and is
therefore given by

R(t) = / PUE.y.t) f dE dy (24)

S
Substituting Eq. (11), we obtain

B 1 8 8
ot [ (e )
S

The second term in this expression contributes nothing to
the integral providing the pressure drops to zero at ¢ =too. The
result for ¢ , Eq. (22), is now used. If one expresses the pressure

in terms of the moving frame by Eq. (23), then the wave resistance
becomes :

t -] oo
=.-—l2——'[/P dS[/ p'dS'/ c(r)di/dw‘/‘du W%cos{y(t = f)}
4r pg
S S’ 0 ARC/

expli(w(x - x' + s(t) - s(7)) + uly - y"))}

The real part cf the integrand is now expanded. Then it is simplified
by invoking properties of even and odd functions. The final result is :
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[ 4 -]

/dw[ duwz.(P2+Qz).

L
1
R=———]c(r)dr
Zrz Pg,[
0 0
. cosNgk’ tanh-kd)* (t - r)}° cos{w(s(t) -8(r ))}, (25)

where

aiers) - [ s s oxy e

The range of the u integration in Eq. (25) may be halved for a pres-
sure symmetric about the x axis.

Eq. (25) is similar to that for a thin ship obtained by Lunde
(1951b), His formula included an additional integral which was sim-
ply proportional to the instantaneous acceleration. This extra term
is zero if the singularity distribution (Eq. (1)) lies on the free surfa-
ce - as for a pressure distribution.

The steady-state wave resistance can be derived from Eq.

(25) by allowing the velocity of the craft to be constant for a long time.

If the velocity is suddenly established at a value ¢ , then one obtains

«© o0
R = —; /wz dw/du (P2 + QZ) [sin{('wwc)t} + sin{ (v -wc)t}]
Y+ wc Y - wce
4 ng -0

As t -0 , the oscillations in the integrand increase so that there
is only a contribution from the second term, and this occurs when

Y- WC = 0 (27)

This is the relationship between the transverse and longitudinal wave
numbers for free waves travelling at the speed of the craft. The
analysis is simplified if we use polar coordinates :

w =k cos 8

and

u k 8in 8, (28)

-¥

where k is the circular wave number and 0 .is the wave direction.
The limit process is carried out for a similar case by Havelock

45

i i




Py
T Zuk il 3l o " paiack 1 aag s e in g Gt i LAY o

Doctors
(1958), and the final result is
-6 1|/2
R = 1 s k3 cos @
T 2rpg I -k d sec? §. sech? (kd) °
-w2 6,
2 . 2 .
4P (k cos 6,k sinf) + Q" (k cos 8,k sin 8)} d8 (29)
in which
2
k, =8 /¢ (30)

and k is the non-zero solution of Eq. (27), that is, of
2
k - ko sec 0 * tanh(kd) = 0 (31)

The lower limit for 6 is takenas 6, , the smallest positive value
of @ satisfying Eq. (31) for a real k . Itis given by :

Bl =0 for kod >1 ({subcritical speed)

>
"

| = arccos J kod for k°d< 1  (supercritical speed) (32)

III. 3, Results

Some results previously published (Figs. 3 to 7) are now
Pr¢ - .nted to show some of the effects of the choice of pressure dis-
ribution given by Eq. (5). For this choice, it was shown that

7+ sin(aw) LT sin(bu)
o arsinh{rw/2a) B +sinh(ru/28)

P(w,u) = p

and
Q(w,u) = 0 (33)
while the weight supported by the pressure is just
W =4 p ab (34)

For convenience the wave resistance is expressed as a dimensionless
coefficient :
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R =_§_.& (35)

Fig. 3a shows the wave resistance of a distribution with a
beam to length ratio of 1/2. The variable used for the abscissa is
A=1/2 F2 . This has the effect of expanding the horizontal scale
at low Froude numbers. Curve 1, with ,a = ga = e© , displays the
unrealistic low-speed oscillations which are characteristic of the
sharp-edged distribution and were referred to previously. It is seen,
that with increasing degrees of smoothing (smaller values of @a and
Ba), the low-speed humps and hollows may be eliminated. The case
with aa = fa =5 results in only about three humps, more in keep-
ing with experiments. Fig. 3b presents results for finite depth water
for threc different distributions. The chief difference now is that the
main hump is shifted to the right and occurs near the critical depth
Froude number, It is seen that Curve 2 has smoothing applied only
at the bow and stern -equivalent to a sidewall ACV, The result is
similar to the case for smoothing all around, showing that the wave
pattern is essentially produced by the fore and aft portions of the
cushion and not the sides. The resistance in the region of the main
hump is hardly affected by the smoothing.

The result of varying the depth of water is displayed in Fig.
4. The peak resistance increases in magnitude as the depth decrea-
ses, and occurs in each case at a depth Froude number slightly less
than unity, The location of the other humps is also affected, but to
a lesser degree.

Beam to length ratio is varied in Fig. 5. The general effect
of increasing the beam is to increase the maxima and to decrease the
minima in the wave resistance curve. This is due to the transverse
waves assuming greater importance as the two-dumensional case is
approached. A secondary effect is a shift in the .ocations of the oscil-
lations to the right, so that in the limit of infinite beam, they occur
at Froude numbers given precisely by Eqs (2) and (3).

We now turn to the effect of constant levels of acceleration
of the cra‘t from rest. Fig. 6a applies to a smooth {aa =5) two-
dimensional pressure band moving over deep water, A general dis-
placement of the oscillations to higher Froude numbers occurs. This
shift is greater for the higher acceleration. In addition, most of the
low-speed oscillations apparent in steady-state motion do not occur
in accelerated motion. The resistance of a smooth band over finite
depth water is shown in Fig. 6b. Here the reduction of the peaks is
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even more dramatic than in deep water. More striking, however, is
that for this and for all other two-dimensional cases studied, the
wave resistance becomes negative beyond a certain velocity in finite
depth. The resistance then asymptotically approaches zero. (The
ordinate in this figure is plotted on an arsinh scale.) The depth
Froude number at which the negative peak resistance occurs in shal-
low water has been found to be

F o= 1+2 Vac/gd (36)

d

The resistance of an accelerating three-dimensional pressu-
re distribution is shown in Fig. 7a (deep water) and Fig. 7b (finite
depth). In deep water, the wave resistance shows similar, but less
marked, effects due to acceleration as does the corresponding two-
dimensional case (Fig. 6a). In finite depth, there is again a strong
reduction in the main peak as well as an elimination of nearly all the
low-speed oscillations. However, there is no rcgion of negative wave
resistance -thus indicating the influence of the diverging wave pattern.

IV. RECTILINEAR MOTION IN A TANK
IV. 1. The Potential

We now consider the problem of an ACV moving along the
centerline of a rectangular tank of length L and width B . The
initial distance at t = 0 between the starting end of the tank and the
coordinate axes xyz fixed to the model is taken as ¢ . This pro-
blem is crucial to the testing of models, as one must know the effect
of tank walls. For instance, during steady motion in an infinitely long
tank, Newman and Poole showed that the effect of tank width in the
neighborhood of unit depth Froude number to be importance (see Eq-

(4)).

We utilize Eq (22) for the potential in a horizontally unbound-
ed region, and satisfy the additional condition of no flux through the
four tank walls, by employing a system of image ACVs as shown in
Fig. 8. We consider first only the array of distributions on the tank
centerline, and later on apply the boundary condition on the tank
sidewalls. The potentials for the individual distributions, $n’ , are
related to the primary potential, ¢ , as follows :

¢(n)(f 1 ¥e2,t) = o( £-nl,y,z,t) for n even,
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. ¢(n) (¢,y,2,t)= ¢(-¢ + (n+ 1)L -20 , y,2z,t) for n odd.
§ We add ¢ to J'” . 49“) to q"z) . ¢‘2) to é-ﬂ) , and so on.

-

This only alters the exponential factor in Eq. (22), which now beco-
mes :

factor = 2 expli(w(-o -§') + u(y - yNb - cos{w(o + ¢ )lngfoxp(ZinWL)

The integral with respect to w of this factor in Eq. (22) can be
simplified using the Poisson summation formula to give

t a0
l 1
¢(Eerzlt)='m'/];S'/dT nc-_zo_wfdupsf (f .Y'.T)
S 0 2io8

cosh{kn(z + d)} sin{'rYl(t -7 )}

cosh(k d) ’ " cosfw (o +¢)}
n n

vexplilw (<o -£') + uly - y')},

where
w = 7n / L
k 2 = w 2 + uL
n n
and
2
Y = o 7
n gkn tanh(knd) (37)

We now satisfy the condition on the side walls of the tank by
including the image ACVs on lines parallel to the tank centerline. The
procedure is similar to that just carried out, and if we assume that
the pressure distribution is symmetric about the x axis, then

t

[ [as: Tl o
¢(E.y.z.t)--ﬁf dr ZenZ ¢ P (&.yh7)...

cosh {kmn(z + d)} sin{-y mn(t -7 )}

cosh(k d) : ¥ COS{W“(U +£)}
mn mn
sexpfilw (-o &)+ u_(y -y}, (38)
where
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u = 2rzm/B , (39)
m
K 2 - w 2 - 2 (40)
mn n m !

81 gk % tamn(k g (41)
Ymn 8 n !

and
e =1/2, e =1 for n>0
n

IV.2., The Wave Resistance

The method of obtaining the wave drag is the same as in the
previous section and utilizes Eqs (24) and (38). After some algebra,
one obtains :

t

2 w o0 2
_ A . \, .
R prL'/‘c(r ) dTn“:O(anT;O €W cos{Vgk N tanh(kn
0

d)*(t - 1)}

241

[ pmn2 {Cos(wn(S(t) -s(7)) - cos(“’n(s(t) +s(r)c20))f +...

+ Q 2 {cos(wn(s(t) -s(71)))+ cos(wn(s(t) ts(r)+2a)) ¢+ ..,

mn
+2 P Q sin(w (s(t) + s(r)+ 2¢ ))] 0 (42)
mn mn n
where
P = P(w , u )
mn n m
and
Q = Q (W » U )
mn n m

It is clear that the fluid motion in the tank consists only of wavelets
whose wavenumbers are given by Eqs (37) and (39), and that in the
limit of L.—+e and B -+ e , the result for a longitudinally and
laterally unbounded region is recovered. The terms containing o
are due to reflections off the starting end of the tank, and as ¢ — o
they contribute nothing to the wave resistance.
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The wave resistance for steady motion in an endless tank
may be obtained from Eq. (29) by setting up a laterally disposed

array of images. The result, derived by Newman and Poole, in the
present notation, is

2 2
2k k_° etanh(k_d) {P 2+a %
DlNal e m m m m , (43)
°8B m:0 " 5k _k tanh(k d) - k k d°sech’(k d)
m o m m o m
in which u_ is given by Eq. (39) and wo by
2
k = w 2 + u 2
m m m
The circular wave number, km , 18 the solution of
k -k k tanh(k d) = u e (44)
m m o m m

(The value of k, ~when m =0 is distinct from, and generally not
equal to, k, , the fundamental wave number. )

IV. 3. Results

The wave resistance of a smoothed rectangular distribution
moving in a tank is shown in Fig. 9. In deep water (Fig. 9a), it is
seen that the effect of the walls is small for B/a =2 . For B/a > 4
(tank width greater than four times model width), the resistance coef-
ficient differs from the infinite width value by less than 0,01, It may
be pointed out here that for the special case of B/a = 1 , that is, the
tank width equal to the nominal beam of the model, the pressure
carries approximately 7% of the weight of the ACV beyond the tank
walls. However, it can be shown that this case is mathematically

equivalent to a two-dimensional pressure band spanning the width of
the channel.

In finite depth (Fig. 9b) the influence of the tank walls in the
region of unit depth Froude number is considerably greater, as was
shown by Newman and Poole. The drop in wave resistance (Eq. (4))
at the critical speed does not depend on smoothing. Even when
B/a = 64 , so that the tank width is sixty-four times the model beam
there is a discontinuity in resistance coefficient of 0,188 . Thus
steady-state experiments in this speed range are difficult,
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The effect of side walls of an endless tank on the wave resis-
tance of an accelerating ACV is displayed in Fig. 10, Two different
levels of acceleration in both deep water and finite depth were calcul.
ated. In all cases the wave resistance is a smooth function of the
tank width. For the low-speed range, increasing tank width generally
decreases the wave resistance. On the other hand, this trend is re-
versed for high speeds (greater than the hump speed).

The case of infinite tank width is not plotted, in order to
avoid confusion with the case of B/a = 4 , with which it is almost
identical. This difference in wave resistance coefficient for the cases
calculated is less than 0.0l , so that one might consider that a tank
width equal to four times the model beam to be essentially infinite.

Even in finite depth there is no sudden change in resistance
as the model accelerates through the critical depth Froude number.
(A depth Froude number of unity is passed when t\fg, a=-l14.14 if
¢/g = 0.05 , and when t\’g ‘a=17.07 if ¢/g=0.1 .) This sharply
contrasts the case of steady motion, in which the drop or discontinui-
ty inlwave resistance coefficient when d/a = 0.5 and B/a = 4 is
3,01

The effect of the tank end walls was found to be slightly
greater in finite depth, and thus only the former is shown, in Fig. 11,
The case of an infinitely wide tank is presented in Fig. lla for
o/a=1,2 and e . In the region near t = 0 , there is a slight in-
crease in the resistance when ¢ /a =1 only. Incidentally, when
o/a =1 , part of the pressure 'extends'' beyond the starting end
wall, so one must expect some interference. When ¢ 'a =2 , the
clearance from the starting end wall is half a craft length and therc
is no noticeable interference.

The two curves for the finite values of o were calculated
for a tank length L/a = 20 . There is no perceptible effect from the
far end wall until the model ""passes' through its image - as indicated
by one or two oscillations in the curves near t4jg 'a = 20 .

The case of B’a = 1 (that is, a two-dimensional pressure
band) is shown in Fig. 1lb, For the case of no nominal separation
of the craft from the starting end wall at t = 0 , there is now a slight-
ly greater effect on the wave resistance.
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V. FORCES ON A YAWING ACV

V. !, 1he Potemlal

W¢ now consider the special case of an ACV travelling for
a long time in the longitudinal or x direction. The craft is either
fixed 1n a steady yaw position, or it starts a yawing motion after
mmitial transients have died away. We may therefore use Eq. (21) for

the potential, and drop the second term which will approach zero as
t -+ 00

Vi The Forces

The wave resistance is defined by Eq. (24), and the side for-

S{t) /fps(i.y,t) {y d¢ dy (45)

S

Thus the side force is the positive force to port (the y direction)
required to hold the craft on a straight course.

ce by

The analysis for the two forces now continues, as in the

case for rectilinear unyawed motion in horizontally unrestricted wa-
ter. The forces are :

_r)—/df/:/ p(x,y,t dS//p(x, e, dS'/dw'/‘du(z) ¥

g sin%‘y(t -r)} 'exp{i(w(x - x'+s(t) - s(r)+ uly - y'))}.

And after some simplification:

dr| dw | du (w)' * sin{y (t - 1)}
2repg Df.’,/ / / ‘ (46)

QP' cos{w t) - s(r ))} + (PP' +QQ"')* sin{w(s(t) -s(r))!},

in which

P=P(w,u,t),
Q =0Q(w,u,t),
P':-P(w,u,r)
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and

Q'=Q (w,u,7)

It is convenient to calculate the P and Q f{functions using
an axis system x'y'z that rotates with the craft rather than the xyz
system, in which the x axis lies in the direction of motion. This is
illustrated in Fig. 12, The yaw angle ¢ (t) is taken positive for clock-
wise rotation of the craft, when looking down on it. If w* and u*
are the induced wavenumbers relative to these craft axes, then

w'(t)=wcos*¢(t)}-usin{e(t)} kcosfo +e (t)}
and

u(t) = w sin{e (t)}+ u cos{e(t)}

ksin{f + e(t)} . (47)

Then it may be shown that

P(w,u,t) _ #, s #,CO8, & « » & P
Dlww ) /p Oy ) SO0 4wt ) ax dyt,  (48)

S
analogous to Eq. (26).

For the pressure distribution given by Eq. (5), it immediately follows
from Eq. (33) that

resin(aw®) resin(bu®)

R L tRSE a+sinh(rw"/2a) B-sinh(ru* > B)

p

and
Q(w,u,t) = 0 (49)

We now consider a craft travelling at a constant velocity at
a fixed angle of yaw from time -T to 0 , and then allowcd to yaw
up totime t . The 7 integral in Eq. {46) for just the first phase
of the motion is
0

1= sin{'y(t-r)}' [(QP'-PQ')cos{wc(t --r)}+.,.

|
+ (PP' + QQ') sin{wc(t -7 )*] dr
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:%{Q(w, u, t} P(w,u, -0) - P(w,u,t) Q{w, u, _0)*.

.[cos {(7+wc)t} ) cosi(‘wwc)(t*rT)}+ cos{(‘y-wc)t} ) cos{('y-wc)(ﬁT)l:I o

Y +wce Y +we Y-wce Y -wce

. +;—{P(w, u,t) P(w,u, -0) + Q(w, u,t) Q(w, u, _o)}'

.[ sin{(-ﬁwc)t} ) sin{(‘y+wc)(t+T)}_ sin{('y-wc)t} y sin{(‘Y—wc)(HT)‘]

Y +wc Y +wce Y-wcC Y-wcC

We consider {irst the case when t =0 and T -+ o0 (that is,
a steady state). The four terms containing the cosine factors, and the
first and third sine factors are zero. The fourth sine term is the only
one that gives a non-zero result in the wu integral of Eq. (46) as

T -+00 . The steady-state forces may be obtained in the same manner
as the limit of Eq. (25) for large time :

-6 /2 3 cos 8

R_ 1 / . "Cain 6! .
T2 2
S TPB !l -k d'sec 8 sechz(kd)
- m2 6, 0

y 2
'{PZ (k cos 8, k sin 8) + Q” (k cos 6, k sin 8)} d8, (50)

where k , ko and 6, are given by Eqs (30), (31) and (32).

If we now assume that the ACV starts yawing at t = 0 , then
as T— o , the second and fourth cosine terms, and the second sine

term contribute nothing to the wu integral in Eq. (46). The expres-
sion for the forces after t = 0 becomes :

-8 2
"/ K. (cos 8)
R__1 + gin 6
S 2rpg 2 2 ’
w2 6, 1 - kod sec § + sech (kd)

“{P(w,u,t) P(w,u, -0) + Q(w,u,t) Q(w,u, -0)}  do + ...
(cont'd over)
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PO /dw/du (w)'v'{o(w.u.t) P{w,u, -0) - ...
2 u
47 pg
4] - 00

- P(w,u,t) Q(w,u, _0)}. [coﬁi‘i*\:;c)d; cos ;(;Y:\:’CC)t}:I+ -

aD

- -4
1
. +—2 /dw du (‘:)-70 iP(w,u,t) P(wl u, '0) ...
4r pg
6 =—oo

a0 Q(w'u'_0)}.[sin{(’7+wc)t}_ sin (‘y-wc)tf]+ '

¥ twce Y -wcC

t o w
1
t—s— [ dr dw/ du (::/).'y. sin{y(t- 7 )}
27 pg
0 0 =20

(51)

-[{Q(w, u,t) P(w,u, 7) - P(w,u,t) Q(w.u,r)} -cos{w(s(t) - s(r))f Gl

.4 {P(w, u, t) Plw,u,7) + Q(w,u,t) Q(w,u,r)} -sin{w(s(t) - s(r))}]'

V.3. Results

The (steady-state) wave resistance of a yaved ACV is shown
in Fig. 13. Fig. 13a indicates the marked effect of smoothing the
pressure fall-off on a rectangular cushion, for a Froude number of
unity. This is accentuated for yaw angles in the neighborhood of 10°
and 85° . The peaks would seem to be caused by interference bet-
ween short wavelets - as short wave components are not produced by
a smoothed distribution. The slopes of the curves are zero at yaw
angles of 0° and 90° - as required by symmetry.

The variation of wave resistance of a smoothed distribution
with yaw angle for a series of different Froude numbers is displayed
in Fig. 13b. At super-hump speeds, yawing the vehicle increases
the effective Froude number so that the resistance drops a little. On
the other hand, yawing at a sub-hump speed (for example, F = 0,4)
can bring the craft onto the hump (at constant speed of advance), and
thereby increase the resistance.

The wave-induced side force is shown in Fig. 14, It is non-
dimensionalized in the same manner as the wave resistance in Eq,(SS)
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Forces on un A.C.V. Executing an Unsteady Motion

The effect of smoothing on side force (Fig. 14a) is seen to be
even more vivid than on resistance (Fig. 13a). Increase in slarp-
ness has a considerable effect on the side force for very small, or
for very large, yaw angles - even at this relatively high speed. At
the same Froude number, the effect of sharpness on unyawed wave
resistance (Fig. 3a) was considerably less. The linear theory pre-
dicts a peak dimensionless side force of 2.63 in contrast to a dimen-
sionless wave resistance of 0.73 at zero yaw angle. It seems that
nonlinear and viscous effects would preclude the development of such
large side forces in practice.

Different Froude numbers are consider«d in Fig. 14b. The
side force (for aa = Ba = 5) is seen to be positive for super-hump
speeds, and therefore favorable during a coordinated turn. It reaches
a maximum at a yaw angle of about 30° . Thus there is an optimum
sideslip angle for generating the maximum side force. For sub-hump
speeds, there is a range of yaw angle in which the side force is nega-
tive.

Unsteady yawing motion is now considered. The side force
for different rates of constant rotational speed after travelling at
zero yaw angle for a long time is presented in Fig. 15. The abscissa
is the yaw angle, and is proportional to the time after the initiation
of the manoeuver. The general effect of in~reasing the yaw rate is to
decrease the available side force. However, as typical average yaw
rates are in the vicinity of 5° per unit time, it is clear that the un-
steady influence is of secondary importance. The side force qualita-
tively follows the same trends at the two speeds considered, namely
F =0.6 (fig. 15a)and F =1,0 (Fig. 15b).

Finally, in Fig. 16, a manoeuver is studied, in which the
yaw angle is instantaneously changed from zero to 5“, 10°, 15*
and 20”. The distance the ACV must travel before the steady-state
side force is achieved is slightly greater for larger manoeuvers.
Nevertheless, this effect is small. Almost the full steady-state side
force is generated after the vehicle has moved one craft length at
F = 0.6 (Fig. 16a), and after 1.25 craft lengths at F = 1.0 (Fig.
16b).

A favorable side force is developed immediately after this
sudden yaw manoeuver,and then increases slowly at first. It may be
shown that for a small jump in yaw angle, the initially gen<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>